tials of high amplitude are recorded in the lateral part of M1. 17 These results indirectly indicate functional connection of Broca's area and M1 for the face, mouth, pharynx, and larynx. Direct functional connectivity of M1 for the laryngeal muscles has also been demonstrated in our studies. 8, 9, 14 The standard intraoperative neurophysiological method for mapping of these areas is by electrically stimulating them and inducing the following transient language disruptions: 1) speech arrest and/or language disturbances while stimulating Broca's area; and 2) dysarthria while stimulating M1 for orofacial, pharyngeal, and laryngeal muscles. Electrical stimulation with 50-60 Hz is used during surgery or through subdural grid electrodes. In addition to 50 Hz stimulation for 1-3 seconds, speech arrest was recently elicited with a short train of stimuli technique (5 pulses, 3-msec interstimulus interval). 2 In addition to electrical stimulation, high-frequency repetitive transcranial magnetic stimulation (rTMS) has been used to elicit transient language disruptions by mapping temporal, parietal, and frontal language cortical areas. So far only 2 groups of authors have reported induced speech arrest using rTMS with a repetition rate of 2-25 Hz. 12, 13, 25 However, other studies of rTMS have not been successful in producing speech arrest. 7, 19, 22, 35 Since the short train of electrical stimuli technique was shown to be promising in mapping of M1 and Broca's area intraoperatively, 2, 8 it would be of importance to have a similar paradigm for magnetic stimulation of these cortical areas. Until now there has been no reliable TMS protocol for mapping Broca's area.
The aim of the present study was to map Broca's area by using event-related navigated transcranial magnetic stimulation (nTMS) generating modified patterned rTMS bursts of stimuli. Since increased excitability of Broca's area during motor speech processing was shown in the temporal domain of 300 msec, 31, 33, 34 the same delay was used for delivering magnetic stimuli after picture presentation.
Methods

Participants
The study included 11 healthy subjects, 4 men and 7 women with an average age of 34.09 ± 12.79 years (mean ± SD, range 22-66 years). Nine Croatian native speakers, 1 Finnish speaker, and 1 German speaker participated in the study. Subjects with neurological disorders or other conditions associated with increased risk of seizure were excluded. All subjects were right-handed. The Edinburgh Inventory Questionnaire test 23 was used to assess handedness. All participants signed informed consent to participate in the study, and a few of them (students) received a small honorarium. The study was approved by the ethics committees of the School of Medicine, University of Split, Croatia, and the University Hospital Split, Croatia.
Mapping With nTMS
Magnetic resonance imaging of the head for each subject was performed at 1.5 T, according to requirements of nTMS using the Navigated Brain Stimulation (NBS) System 4 (Nexstim). The stimulation was delivered through a standard figure-eight coil with air cooling. The figure-eight-shaped coil had a winding accuracy of < 0.55 mm/0.2°; mean winding diameter of approximately 50 mm; a mean outer diameter of approximately 70 mm; and external dimensions of height (with coil handle) 19.0 cm, width 17.3 cm, and depth 9.9 cm. The maximum E-field, measured 25 mm below the coil in the spherical conductor model representing the human head, is approximately 172 V/m.
Prior to mapping of Broca's area, mapping of M1 for a hand muscle (the abductor pollicis brevis [APB] muscle) and M1 for a laryngeal muscle (the cricothyroid muscle) was performed. Mapping of M1 for a hand muscle is the standard method in nTMS studies dealing with mapping of M1 13, 20, 32 and its vicinity. 13, 19, 22, 35 The details about the methodology for determining the representation of M1 for the APB muscle and M1 for the cricothyroid muscle with nTMS can be found in our recently published papers.
8,14
Anatomical localization of Broca's area was determined according to anatomical and topographic features on MRI, reported by Ebeling et al. 11 For mapping of Broca's area, the stimulation intensity was adjusted using the resting motor threshold for eliciting corticobulbar motor evoked potentials (CoMEPs) in the cricothyroid muscle. If this intensity was unpleasant to the subject the stimulus intensity was reduced in increments of 1%-2% of maximum stimulator output.
In addition to mapping Broca's area, the middle frontal gyrus of the left dominant hemisphere was also mapped. In 2 subjects the right hemisphere was mapped, representing homolog Broca's area in the nondominant hemisphere of the right-handed subjects. The control measurement was performed with the coil set away from the subject's head. The intensity of stimulation in one subject was set at the lowest level of nTMS output, while in the other subjects, the intensity was identical to the intensity during mapping of M1 for the laryngeal muscle. The control measurement was performed to exclude the influence of micro reflexes. 4, 5 Visual Object-Naming Task Procedure
The visual object-naming task was used to facilitate mapping of the Broca's area during increased excitability of Broca's area as was shown by Sahin et al., 31 Schuhmann et al., 33, 34 and Indefrey and Levelt. 18 Visually presented ob jects/pictures were taken from the normative study by Bro deur et al. 6 A total of 156 pictures were included, but only 50 pictures were presented during measurement in a randomized manner in one session. The pictures were displayed on a computer monitor using the Presentation pro gram (Neurobehavioral Systems). The picture was presented for 3000 msec, followed by 2390 msec of blank screen. The time between presentation of one picture until the presentation of the object was 5390 msec. The Presentation program triggered nTMS 300 msec after the picture was displayed.
Since errors can happen incidentally in healthy subjects in picture naming, 1 before nTMS measurement started, each subject named all 156 pictures in 2 sessions. During the first session most subjects made 1 or 2 seman-tically related errors, while several subjects had hesitations with naming certain objects. In the second session as well as during nTMS mapping we discarded these "problematic" pictures. Only pictures having 1 word in the Croatian language representing each object were chosen. The same approach was used for the Finnish and the German subjects.
One subject participated twice in the nTMS studies. The interval between the testing times was 4 months. Stimulation at the cortical spot generating transient language disruptions during the first nTMS testing session was repeated during the second nTMS session.
Recordings
Subjects were placed in a comfortable ergonomic chair that could be adjusted for the optimum position while the measurements were obtained. During recording, the subjects used foam earplug protection for safety reasons. 26 Recordings were done using a multichannel electromyography amplifier integrated with E-field navigation and TMS stimulation of the Nexstim NBS system. The method for placement of electrodes into the APB and cricothyroid muscles has been described in detail in our previous studies. 8, 14 During mapping of Broca's area, video and audio recordings were obtained for offline analysis. 21 Measurement of the distance between the cortical representation of induced transient language disruptions and M1 for the cricothyroid muscle was obtained. The same methodology of Espadaler et al.
14 was used for measuring the distance between cortical representations.
Stimulation Parameters
The magnetic stimulator was a modified version of the Nexstim TMS II+, controlled by a modified version of Nexstim NBS 4.3 software. The technical modifications made to the commercially available stimulator allowed controlled discharging of high-frequency oscillations from the capacitor unit. Current pulses delivered through the TMS coil had the same features (pulse length and amplitude) as those obtained from the commercially available system. Therefore, for stimulation of Broca's area we used a modified patterned nTMS protocol consisting of bursts of 4 stimuli, with interstimulus intervals of 6 msec. In most subjects 16 of those bursts were repeated with a burst repetition rate of 12 Hz. The duration of the interval from the last stimulus in the burst until the first stimulus in the next burst was 65 msec. A schematic of stimulation parameters is shown in Fig. 1 . In 2 subjects (Subjects 1 and 2) ( Table 1) 8 bursts were repeated with a repetition rate of 12 Hz. For mapping of M1 for the APB and M1 for the cricothyroid muscle we used a similar protocol but with a rate of 4 Hz and short bursts repeated 4 times.
Results
In all subjects (100%) in whom Broca's area was mapped, transient language disruptions were successfully produced during the visual object-naming task. In 9 subjects (81.8%) speech arrest and language disturbances were induced, while in 2 subjects (18.8%) only language disturbances (semantic errors) were elicited (Table 1) . Of these 9 subjects, speech arrest was induced once in 5 subjects (55.6%), and 2 or more times in 4 subjects (44.4%) ( Table 1) . Language disturbances were also induced in those subjects in whom speech arrest was induced once, twice, or more times (Table 1) .
One subject participated in the study twice on separate occasions. In Subject 1 in the first testing, the same spot generated speech arrest 2 times and language disturbance (semantic errors) 5 times, while in the second testing session the same spot generated speech arrest once and language disturbances 3 times (Table 1) .
Speech arrest was characterized as complete cessation of speech while a subject was performing the visual objectnaming task, in a way that the subject did not name the presented object. Frequently, subjects reported "not having" the name for the object, but recognized what it was. One subject (Subject 4) did not name the picture depicting "kaciola" (ladle in English) and reported at the end of the testing: "I could neither recall it nor pronounce it. I did not have a word for that thing." Subject 7 did not name "spajalica" (paperclip in English) and reported at the end of the testing, "I saw it but I could not recall what the word was." Subject 3 after missing the naming of "čekić" (hammer in English) reported, "I say to myself, you really do not know what the name of this thing is. I do not have any problems with this object in my everyday life."
The type of language disturbance was semantic error, meaning that subjects gave a semantically similar word for an object. Most of the subjects described that they saw an object on the screen, that they knew what the object was and they also knew the name for it, but they really wanted to or had an urge to say some other word (always from the same category of objects). Subject 3, after giving the name "trešnja" (cherry in English) for "jagoda" (strawberry in English), reported at the end of the testing, "I really wanted to say 'trešnja' instead of 'jagoda.'" In 2 subjects (Subjects 9 and 10) speech arrest was first induced followed by semantic error. In Table 1 this type of disturbance was classified as "speech arrest + semantic error." At the end of the session both subjects reported difficulty with recalling the name for the visually presented object and were aware of giving the wrong answer.
The 3D MRI findings in 4 subjects are presented in Fig. 2 showing localization of stimulation points producing speech arrest and language disturbances (semantic errors), with the cortical spots for M1 for the APB and M1 for the cricothyroid muscles. Offline video analysis showed that in most of the subjects facial and masticatory muscle contractions were not present during generation of transient language disruptions. If present (not visible on video recordings), it did not disturb the speech execution. The microphone recordings showed silence during induction of speech arrest. In all subjects speech arrest was accompanied by smiling, but not in all trials. Only one subject (Subject 9) started crying for a short period during the stimulation.
The mean Euclidian distance on MRI between cortical representation of induced transient language disruptions and M1 for the cricothyroid muscle was 17.23 ± 4.73 mm (± SD), with transient language disruptions represented anterior to M1 for the cricothyroid muscle (Table 2 and Fig. 3 ). In all tested subjects mapping of M1 for the APB muscle and M1 for the cricothyroid muscle was successfully performed by eliciting MEPs from the APB muscle and CoMEPs from the cricothyroid muscle (Table 2) .
No transient disruptions were induced by mapping the middle frontal gyrus of the left dominant hemisphere and mapping of the homolog Broca's area of the right hemisphere.
The control measurement was performed with the coil set away from the subject's head, and no transient language disruptions or micro reflexes were elicited.
Discussion
To our knowledge 3 groups have reported induced speech arrest using rTMS with a repetition rate of 2-25 Hz.
12,13,21 Pascual-Leone et al. 25 reported induction of speech arrest in 6 epileptic patients by application of rTMS delivered in trains of 10 seconds while patients counted aloud. Even though the resting motor threshold is often determined when mapping M1 and its vicinity, it was not obtained in this study. These authors reported counting errors induced in 2 and/or 3 trials, while in 6 patients speech arrest was induced at least 3 times at maximal output intensities of 60% and 80%. Furthermore, these authors did not report the specific number of trains given to each patient. The authors discussed that a conclusion could not be made about the precise anatomical localization of the areas leading to speech arrest, speculating that speech arrest might be induced by stimulation of M1, Broca's area, or other cortical areas interfering with language processing. Epstein et al. 12 reported induced speech arrest in 4 right-handed subjects, while in another study by Epstein et al. 13 speech arrest was induced over the left posterolateral frontal lobe during the counting task in 10 healthy subjects. In the studies by Epstein et al.
12,13 when speech arrest was identified, the center point was marked and photographed, and no stimulation was further repeated on this point. Despite the promising data of these studies reporting induced speech arrest, certain limitations have been raised: 1) very often only a counting task was used to induce speech arrest; 2) it was difficult to repeat a specific cortical spot when nTMS was not used; 3) application of TMS was not event related; and 4) Broca's area was not systematically mapped to investigate types of induced transient language disruptions. Stimulation is localized over Broca's area. 1 = microphone connected to electromyography amplifier, 2 = monitor with the visual object presented to the subject with the attached photo sensor for picture onset registration, 3 = microphone connected to the video camera, 4 = magnetic coil for nTMS, 5 = monitor with MRI for precise determination of stimulation site, 6 = cloned monitor 5 for video shooting, and 7 = cloned monitor 2 for video shooting. Lower: Schematic of the stimulation parameters consisting of 4 short bursts of 4 stimuli, with an interstimulus interval of 6 msec, and 8 or 16 of those bursts repeated with a repetition rate of 12 Hz. The interval from last stimulus in the burst until the first stimulus in the next burst was 65 msec.
In our study a combination of 3 methodologies was used: event-related magnetic stimulation, nTMS, and a modified patterned rTMS protocol. Broca's area was mapped by using specially modified event-related nTMS generating modified patterned rTMS with bursts of stimuli. In the previous studies the event was not related to TMS application, and speech arrest was induced by a count ing task, 12,13,25 during spontaneous speech, and when said "šator" (tent) instead of "kišobran" (umbrella) 26 semantic error ‡ "ku...;" wanted to say "kuća" (house) instead of "deva" (camel) 26 semantic error said "vaza" (vase) instead of "konzerva" (can) 26 semantic error said "vaza" (vase) instead of "lampa" (lamp) 26 semantic error said "krava" (cow) instead of "koza" (goat) 26 speech arrest no response for "vješalica" (hanger) 26 semantic error said "mobitel" (mobile phone) instead of "laptop" (laptop) 26 semantic error "aa kišob...;" wanted to say "kišobran" (umbrella) instead of "škare" (scissors) 26 semantic error "čizm…;" wanted to say "čizma" (boot) instead of "cipela" (shoe) 26 2 semantic error ‡ said "kruška" (pear) instead of "grožđe" (grapes) 37 3 speech arrest no response for "kišobran" (umbrella)" 23 speech arrest no response for "brokula" (broccoli) 23 speech arrest no response for "čekić" (hammer) 23 semantic error "tele…;" wanted to say "teleskop" (telescope) instead of "mikroskop" (microscope) 23 semantic error said "trešnja" (cherry) instead of "jagoda" (strawberry) 23 4 semantic error said "ogledalo" (mirror) instead of "povećalo" (magnifier) 26 semantic error said "majica" (t-shirt) instead of "košulja" (shirt) 30 speech arrest no response for "kaciola" (ladle) 31 semantic error said "brokula" (broccoli) instead of "kaul" (cauliflower) 31 semantic error "kacav…;" wanted to say "kacavida" (screwdriver) instead "kliješta" (pliers) 31 5 semantic error said "fen" (hair dryer) instead of "ventilator" (fan) 41 semantic error said "o…o…orah" (nut) instead of "bademi" (almonds) 41 6 speech arrest no response for "slušalice" (headset) 40 semantic error said "kliješta" (pliers) instead of "kacavida" (screwdriver) 40 semantic error said "nož" (knife) instead of "perun," Croatian dialect for "vilica" (fork) 40 7 semantic error "če…;" wanted to say "čekić" (hammer) instead of "čavao" (nail) 43 speech arrest no response for "spajalica" (paperclip) 43 8 speech arrest no response for "kupus" (cabbage) 35 speech arrest no response for "ogrlica" (necklace) 35 9 semantic error said "cipela" (shoe) instead of "papuča" (slipper) 29 speech arrest + semantic error no response for "čaša" (glass) but after stimulation the subject said "teća" (pot) 29 semantic error said "tegla" (jar) instead of "posuda" (pot) 29 speech arrest no response for "lanac" (chain) 10 speech arrest + semantic error no response for "Zange" (pliers) but after stimulation the subject said "Werkzeug" (tool) 38 11 semantic error said "Kulho" (plate) instead of "Kauha" (ladle) 34 speech arrest no response for "Nuija" (mallet) 36 mean ± SD 30.76 ± 6.4 range 23-43 * The English translation for each object is given in parentheses. † Subject 1 participated in the study twice on separate occasions. Results for the second testing are shaded in gray. Subjects 1-9 are Croatian speaking, Subject 10 is German speaking, and Subject 11 is Finnish speaking. ‡ Disturbances induced with 8 bursts repeated with a repetition rate of 12 Hz. All other disturbances were induced with a pattern of short bursts of 4 stimuli, with interstimulus intervals of 6 msec, and with 16 of those bursts repeated with a burst repetition rate of 12 Hz.
reading aloud. 13 Petrovich Brennan et al. 27 showed that the visual object-naming task is a more sensitive measure of speech localization than a number-counting task. These authors suggested that automated speech tasks such as number counting may not fully engage putative language networks and therefore might not be optimal for language localization for surgical planning. We believe that our approach contributed to a more successful eliciting of transient language disruptions during mapping of Broca's area than in the previous studies. Application of time-locked stimuli disturbs Broca's area in its processing time, most likely producing a virtual lesion. Increased excitability of Broca's area during motor speech processing was shown in the temporal domain of 300 msec during execution of specific language tasks. This was shown by an invasive study of recording excitatory postsynaptic potentials from Broca's area in epileptic patients 31 and noninvasively by Schuhmann et al. 33, 34 The studies performed by Schuhmann et al. provided important data regarding the role of Broca's area during overt speech production. These authors investigated the functional role and temporal involvement of Broca's area during picture naming. Eventrelated TMS was applied to Broca's area at different time points after picture presentation. The results showed that application of TMS at 300 msec after picture presentation led to an increase in picture-naming latency. Furthermore, Sahin et al. 31 per formed an invasive study to investigate temporal and spatial involvement of Broca's area in language processing by recording local field potentials from a population of neurons using electrodes implanted in Broca's area in 3 patients. The results revealed distinct neuronal activity for lexical (~ 200 msec), grammatical (~ 320 msec), and phonological (~ 450 msec) language processing. Similar findings were found in a meta-analysis by Indefrey and Levelt 18 showing that the time window for language processing in Broca's area is between 330 and 455 msec in picture naming. Therefore, in our study the reason for applying magnetic stimulation at a specific time was to facilitate generation of transient language disruptions during increased excitability of Broca's area as it was shown by Sahin et al., 31 Schuhmann et al., 33, 34 and Indefrey and Levelt.
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In our study, M1 for the APB muscle was mapped as a reference point for the nTMS studies and was followed by mapping of M1 for the cricothyroid muscle. We believe that mapping of these 2 M1 cortical spots was very useful for the orientation and localization of Broca's area.
Regarding the relationship between the anatomical site and speech interference when rTMS is applied, Pascual-Leone 24 found that induced speech arrest associated with Broca's area was 1.5-3 cm anterior to sites that activated laryngeal muscles. Furthermore, Quiñones-Hino- josa et al. 29 correlated data of intraoperatively induced speech arrest during electrical stimulation of Broca's area with brain MR images of the most common anatomical types of Broca's area and obtained the following average values: the distance between the central sulcus and cortical localization of induced speech arrest was 14.4 ± 4.8 mm, and the distance between the sylvian fissure and localization of induced speech arrest was 16.9 ± 9.6 mm.
We have reported 14 that the mean distance between the cortical representation for the APB and cricothyroid muscles was 25.19 ± 6.51 mm, with the cricothyroid muscle lateral to the APB msucle. In this study the mean distance between M1 for the cricothyroid muscle and M1 of Broca's area was 17.23 ± 4.73 mm. The results found in our study are similar to the values obtained by Quiñones-Hinojosa et al. 29 However, we have to take into account the different methods used in these studies to activate those cortical regions (magnetic vs electric).
Rossi et al. 30 classified patterned rTMS as repetitive application of short rTMS bursts at a higher inner frequency interleaved by short pauses of no stimulation. The modified patterned nTMS protocol used in our study fulfills the definition of Rossi et al., 30 and meets the safety recommendations given by Wassermann 36 and Rossi et al. 30 regarding the frequency and duration of stimulation. We have recently found evidence that the effects of inducing transient language disruptions were specific to Broca's area when applying a modified patterned rTMS protocol. Furthermore, we performed intraoperative studies in 18 patients undergoing awake craniotomy by applying direct cortical stimulation (DCS) to Broca's area using the similar stimulation protocol (V Deletis et al., unpublished data). Our intraoperative results correlate with these nTMS findings. We applied 50 Hz stimulation to map Broca's area to elicit speech arrest and/ or language disturbances while patients participated in counting and visual object-naming tasks. A short train of stimuli (4 bursts of stimuli with 5 stimuli in one burst, and 4-Hz train repetition rate) was applied to stimulate cortical sites that elicited speech arrest and/or language disturbances. The neurophysiological marker of Broca's area was identified by recording a long latency response in the cricothyroid muscle obtained by mapping of the inferior frontal gyrus. The cortical spot that elicited a long latency response clinically produced speech arrest or language disturbances. The spot in the opercular part of the inferior frontal gyrus generating long latency re- * CTHY = cricothyroid; RMT = resting motor threshold; + = MEPs and CoMEPS were successfully recorded from the muscles; -= the Euclidian distance between the opercular part of Broca and M1 for the cricothyroid muscle could not be calculated becuase of technical reasons. for the APB muscle and M1 for the cricothyroid muscle. B denotes the distance between the cortical spot that induced transient language disruptions and M1 for cricothyroid muscle (Table 2 ). 1 = M1 for the APB;sponse and a speech arrest after stimulation can be considered only as a motor speech area, but not as motor language-related area. This spot cannot be safely resected and acts as an orientation spot close to the language parts of Broca's area. The neurophysiological markers were elicited not only by DCS in a group of patients undergoing awake craniotomy, but also by nTMS in combination with a time-locked visual-object naming task in a group of healthy subjects.
Although functional MRI (fMRI) has found widespread use in preoperative surgical planning, recent evidence shows the shortcomings of fMRI due to the pathological vessel architecture and space-consuming effect in the tumor area, which make the interpretation of the fMRI data difficult. It is also difficult to delineate whether activated areas are essential for function. Direct cortical stimulation remains the most accurate method to map language areas. Direct cortical stimulation produces temporary functional interference in cortical areas that are critical for language, whereas fMRI depicts all cortical areas involved in a certain language task, potentially confounding critical and noncritical language areas and also areas that are simply involved in task performance in general. This confusion could lead to bad outcomes in the planning of a neurosurgical procedure in or around a classic language area. 16 In the last couple of years several studies have evaluated the reliability of nTMS compared with fMRI and intraoperative DCS for preoperative surgical planning in eloquent cortex surgery. It has been shown that TMS corresponds to DCS intraoperatively during awake craniotomy. 15 The authors compared accuracy of preoperative assessment of eloquent cortices with nTMS and fMRI with that of intraoperative DCS. The study has shown that nTMS is comparable to DCS in activating corticospinal neurons. Distances from nTMS to DCS (10.5 ± 5.67 mm) were significantly shorter than those for fMRI to DCS (15.0 ± 7.6 mm). It has also been shown by other authors that peritumoral mapping of the motor cortex by nTMS agreed well with the gold standard of DCS.
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Semantic errors and speech arrest have been elicited from the same cortical spot due to dissipation of the induced current when stimulating Broca's area with a magnetic coil. This finding indicates the role of these cortical areas in language and motor speech processing. Unfortunately, the coil design does not allow ultra-selective mapping of different parts of Broca's area.
Conclusions
A modified patterned nTMS protocol might allow for more widespread use in speech localization in clinical and research applications. Further studies are needed for application of this methodology in preoperative testing of patients with pathologies in or around Broca's area, as well as studies mapping wider cortical areas of left and right hemispheres involved in language processing and speech generation.
